The Epstein-Barr virus (EBV) protein LMP1 is considered to be a functional homologue of the CD40 receptor. However, in contrast to the latter, LMP1 is a constitutively active signaling molecule. To compare B cell specific LMP1 and CD40 signaling in an unambiguous manner, we generated transgenic mice conditionally expressing a CD40/LMP1 fusion protein, which retained the LMP1 cytoplasmic tail, but has lost the constitutive activity of LMP1 and needs to be activated by the CD40 ligand. We show that LMP1 signaling can completely substitute CD40 signaling in B cells, leading to normal B cell development, activation, and immune responses including class switch recombination, germinal center formation and somatic hypermutation. In addition, the LMP1-signaling domain has a unique property in that it can induce class switch recombination to IgG1 independent of cytokines. Thus, our data indicate that LMP1 has evolved to imitate T helper cell function allowing activation, proliferation and differentiation of EBV-infected B cells independent of T cells.
Introduction

Epstein-Barr virus (EBV) is a
LMP1 shows several functional similarities with the CD40 receptor. Both triggering of the CD40 receptor and LMP1 expression lead to activation, proliferation and survival of B cells 6 .
The intracellular domains of LMP1 and CD40 both interact with tumor necrosis factor receptor-associated factors (TRAFs) and activate overlapping signaling pathways, including extracellular signal-related kinase (ERK), c-Jun N-terminal kinase (JNK), p38/MAPK and NFκB 2 . However, LMP1 and CD40 do not interact with exactly the same sets of molecules, indicating also some differences in their signaling properties [7] [8] [9] [10] . Thus, both LMP1 and CD40
interact directly with TRAFs 1, 2, 3 and 5, but only CD40 and not LMP1 binds directly to TRAF 6 7, 11 . Conversely, LMP1 but not CD40 binds to the tumor necrosis factor receptor associated death domain protein (TRADD) and receptor-interacting protein (RIP) 12 . The most striking difference between LMP1 and CD40 is that LMP1 constitutively signals
For personal use only. on October 24, 2017 . by guest www.bloodjournal.org From independently of ligand, mediated by self-aggregation through its six transmembrane spanning domains 13 . Therefore, it is difficult to directly compare the signaling properties of the two molecules. It was previously shown that B cell-specific expression of LMP1 in transgenic mice only partially reconstituted CD40 deficiency. LMP1 expression in CD40
-/-mice could induce antibody class switching to IgG1, but neither GC formation nor the production of high affinity antibodies after TD immunization 14 . LMP1 expression even blocked GC formation in the presence of the endogenous CD40 receptor. However, it was recently shown that also constitutively active CD40 signaling in B cells, mediated by a fusion protein of the transmembrane domain of LMP1 and the signaling domain of CD40
(LMP1/CD40), blocks the GC reaction 15 . Thus, it seems that the constitutive activation of B cells by either LMP1 or CD40 leads to a differentiation block which prevents GC formation.
To study LMP1 signaling independently from its constitutive activity and to compare it to CD40 receptor signaling, we fused the LMP1 signaling domain to the transmembrane and ligand-binding domain of the CD40 receptor and generated a transgenic mouse strain expressing this CD40/LMP1 fusion protein upon Cre-mediated recombination. CD40/LMP1
expression was induced through a cre transgene controlled by the CD19 locus 16 to study the effects mediated by LMP1 signaling exclusively in B cells. We show here that LMP1 signaling in B cells completely substituted CD40 signaling without inducing hyperactivation and proliferation. Besides, the LMP1 signaling domain provided B cells with unique signals to induce cytokine-independent class switch recombination to IgG1.
Materials and Methods
Generation of the transgenic mouse line CD40/LMP1. The CD40/LMP1 chimeric gene was generated by fusing the murine CD40 cDNA encoding for the first 215 aminoacids (aa) (amplified by RT-PCR from murine splenic cell RNA using the primer 5´CD40: 5´-GAGCGT TTAAACTTGGCTCTTCTGATCTCGC-3´; 3´CD40:5´-GAGACCATGGATATAGAGAAA 
Results
Generation of a transgenic mouse line expressing a conditional CD40/LMP1 transgene
To study LMP1 signaling in vivo, we generated a transgenic mouse strain conditionally expressing a fusion protein of the ligand-binding and transmembrane domains of CD40 (Figure 4) . However, the JNK activation was delayed and the IκBα phosphorylation weak, suggesting that compared to CD40 the cytoplasmic tail of LMP1 in our system results in a normal or slightly dampened -rather than an enhanced -signaling.
LMP1 signaling induces cytokine-independent class switch recombination to IgG1
It has been reported previously that LMP1 is able to induce class switch recombination in a Figure 5C ).
These data indicate a unique intrinsic feature of the LMP1 signaling domain to induce cytokine-independent CSR to IgG1.
Discussion
The Epstein-Barr virus protein LMP1 and the cellular receptor CD40 are considered to be functional homologues. Evidence for similar effects on B cell biology was mainly based on cell culture experiments, although recently several transgenic mice expressing LMP1 and fusion proteins of LMP1 and CD40 were reported 14, 15, 21 . However, these studies were not conclusive enough. In CD40-deficient mice LMP1 could restore the CD40 function only partially, rescuing class switch recombination to IgG1 but not the germinal center formation.
Moreover, mice on a CD40-proficient background expressing LMP1 or a LMP1/CD40 fusion protein mimicking a constitutive active CD40 molecule were hampered in germinal center formation, indicating that this phenotype is due to the constitutive activity of LMP1 and not to the signaling domains. A previous study published by Stunz CD40/LMP1 cells were rather low, they were only two fold diminished compared to wt cells co-stimulated with anti-CD40+IL-4, and always significantly increased compared to anti-CD40 only stimulated controls. We tried to increase the frequency of class switched cells by using the agonistic CD40-antibody HM40-3, which is known to be more potent in inducing signaling and CSR. These attempts failed, however, because this antibody was unable to induce signaling in CD40/LMP1 expressing cells, for unknown reasons.
It was previously reported that EBV infected primary B cells and Burkitt's Lymphoma (BL) cell lines transfected with LMP1 switch to several isotypes 20 . Since EBV infected B cells are known to secrete cytokines 24 , it could not be excluded that LMP1 acts in cooperation with these cytokines. We show that in primary naïve CD40/LMP1-expressing B cells CSR to IgG1 is cytokine-independent and due to an intrinsic effect of LMP1. Thus, LMP1 not only mimics CD40 receptor stimulation by CD40L in B cells, but has additional effects physiologically mediated by T helper cells. It will be interesting to elucidate the mechanism by which LMP1
induces CSR. A pre-requisite for CSR is induction of the sterile transcripts 25 . In contrast to the wt CD40 +/+ control, anti-CD40 stimulation induced a two fold induction of the sterile γ1- It has earlier been shown that LMP1 rescues extrafollicular CSR to IgG1 but not the germinal center formation in CD40-deficient mice 14 . In contrast, a chimeric protein in which the cytoplasmic tail of LMP1 was exchanged to that of CD40 (LMP1/CD40) was neither able to reconstitute germinal formation nor CSR to IgG1 in vivo (our own unpublished observation). Further information that LMP1 signaling induces cytokine independent CSR to IgG1 are given in Figure S5 .
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